Photoinduced metal mediated radical polymerization is a rapidly developing technique which allows for the synthesis of macromolecules with defined molecular weight and narrow molecular weight distributions, although typically exhibiting significant limitations in aqueous media. Herein we demonstrate that the presence of alkali metal halide salts in conjunction with low copper concentration and UV irradiation, allows for the controlled polymerization of water soluble acrylates in aqueous media, yielding narrow molecular weight distributions and high conversions. Despite the aqueous environment which typically compromises polymer end group fidelity, chain extensions have also been successfully performed and different degrees of polymerization were targeted. Importantly, no conversion was observed in the absence of UV light and the polymerization could be switched "on" and "off" upon demand as demonstrated by intermittent light and dark periods and thus allowing access to spatiotemporal control.
Introduction
The development of reversible-deactivation radical polymerization (RDRP) techniques such as atom transfer living radical polymerization (ATRP) [1] [2] [3] [4] [5] , Cu(0) mediated reversible deactivation radical polymerization (Cu(0)-RDRP) 6-9 , nitroxide-mediated radical polymerization (NMP) synthesis of polymers of targeted molecular weight, macromolecular architecture, end group functionality and narrow molecular weight distributions. These techniques work by establishing an equilibrium between dormant and active species in which the dormant state is predominant; as a result of this the concentration of free radicals is very low which suppresses termination reactions. ATRP in polar media such as water has traditionally proved challenging typically exhibiting a lower degree of control. This has been attributed to higher values of KATRP, the equilibrium constant that defines the balance between active and dormant species, resulting in higher radical concentrations and consequently higher probability of termination reactions. A range of new processes have been developed, such as initiators for continuous activator regeneration (ICAR) ATRP 17 , activators regenerated by electron transfer (ARGET) ATRP 18 and aqueous Cu(0)-RDRP 7, 9, 19, 20 in an attempt to attain a higher degree of control over polymerization in aqueous media. Although progress has been made by these approaches, significant drawbacks such as low conversions or high catalyst concentrations still remain a challenge and possibly limit the scope of such techniques.
Within recent years considerable focus has been placed on developing RDRP and other polymerization systems in which the equilibrium between dormant and active species is mediated by various external stimuli such as allosteric 21, 22 , electrochemical 23 , mechanochemical 24 and photochemical control. 23, [25] [26] [27] [28] [29] Such external stimuli allow for dynamic control over polymerizations thus introducing new opportunities for advanced materials synthesis. Photochemical mediation is of increasing interest due to its wide availability, being environmental benign. Photochemistry also allows for lower activation energy pathway processes such as initiation and repeat reactivation of dormant chains, faster rates of polymerization, and temporal control achieved by simply removing the light source.
Among the various RDRP techniques, ATRP has become a popular photopolymerization route. The use of Cu(II) formate complexes has also be shown to polymerize (meth)acrylates in a controlled manner, with the distinct benefit of using stable, discrete catalyst complexes as opposed to those generated in situ, and enhanced spatiotemporal control. 59, 60 Efficient control over polymerization has been reported in DMSO, DMF, IPA, toluene/methanol mixtures, and a range of ionic liquids. 51, 54, 61 However, attempts at utilizing aqueous media has until now proved challenging, furnishing polymers with broad MWD's.
Herein we report the controlled polymerization of PEGA in aqueous medium utilizing a photoinduced polymerization approach. The addition of sodium bromide results in a significant enhancement of the control over the molecular weight distributions in the presence of ppm concentration of copper. Quantitative conversions can be achieved without compromising the high end group fidelity which is assessed through successful in situ chain extensions. The ability of our approach to exhibit spatiotemporal control is also evaluated via intermediate "on"
and "off" cycles and the synthesis of higher MW polymers is also attempted.
Results and Discussion
The effect of altering the relative copper and ligand concentrations Scheme 1: Homopolymerization of PEGA480 under UV irradiation using a simple, inexpensive photoreactor.
Initially, the homopolymerization of PEGA (targeted DPn = 20) was attempted in water (50% v/v) with 0.02 equivalents of Cu(II)Br2 and 0.12 equivalents of Me6Tren using an inexpensive UV lamp with a broad low intensity emission centred at approximately 365 nm (entry 1, table 1) (scheme 1, figure S1, SI) as described previously. 51 Sampling after 8 hours showed full monomer conversion by 1 H NMR, however, SEC analysis revealed an uncontrolled polymerization process with the polymer showing a dispersity of 3.75 ( Figure S3 (a) , SI). This is not surprising for aqueous systems with low copper concentrations as the lack of control could be attributed to insufficient deactivation. In order to assess this further the copper content was initially increased to 0.04 equivalents (twofold increase, entry 2, 43, 64, 65 This approach is also beneficial as it allows for a much lower concentration of copper species to be utilized.
In order to assess whether the presence of halide salts would be compatible with this photoinduced polymerization method, we conducted the polymerization of PEGA in the presence of various concentrations of sodium bromide (NaBr). The addition of 0.5 equivalents of NaBr with respect to the initiator gave rise to an improved dispersity (1.25) when compared to entry 1, where the absence of the salt resulted in a complete lack of control. Thus, the presence of an external deactivator resulted in better control over the MWDs. A further increase of NaBr to 1, 2 and 3 equivalents led to a gradual reduction of the dispersity with the best result achieving 1.12 despite reaching full monomer conversion. By maintaining a relative high salt content, we were also able to further lower the copper content down to 67 ppm, although slightly broader MWD's resulted (entry 12, Corresponding SEC traces can be found in figure S3 , supporting information (SI). 
Entry

Kinetic analysis in the presence and absence of sodium bromide
The lack of control in the presence of low copper concentrations and the absence of NaBr prompted us to perform a careful kinetic study in order to attest the livingness of the system.
As expected from the final broad MWDs, the kinetic analysis revealed a non-linear first order kinetics throughout the polymerization accompanied by the initial formation of high molecular species (1.9). However, as the polymerization proceeds the molecular weight decreases probably due to the gradual accumulation of Cu(II)Br2 as a result of pronounced termination events, although the accumulated Cu(II)Br2 is still not efficient to facilitate a controlled polymerization yielding broad bimodal distributions throughout the reaction. In order to verify this assumption, the kinetic analysis of higher copper content was also performed. Following the typical small induction period observed in this system, the inclusion of more copper resulted in linear first order kinetics and significantly less pronounced termination during the initial stage of the polymerization. The good correlation between the theoretical and the experimental molecular weights further attests to the controlled/living character of the system, confirming that the presence of higher concentrations of deactivator is essential in order to establish the desired equillibrium. Similarly, the inclusion of NaBr, as opposed to higher copper content, 
Demonstrating temporal control
In order to demonstrate "on/off" temporal control a polymerization was carried out with intermittent exposure to both light and dark periods. PEGA (DPn = 20) (conditions from entry 11, table 1) was polymerized in a UV light box for an initial 45 minutes, followed by 1 hour periods cycled between a dark room and the light box, with samples taken for NMR and SEC analysis at every change of light/dark conditions. The total time the reaction was exposed to light was 285 minutes (final conversion = 85%, Mn = 10,000 Da, Đ = 1.12), Figure 2 . It can be seen that there was no conversion observed during dark periods, demonstrating the necessity of UV irradition for both initiation and propagation allowing for the possibility of temporal control. In order to investigate this further, an experiment was carried out in which a longer dark period was employed in order to demonstrate reactivation of alkyl halides after a prolonged inactive period. A reaction was exposed to UV light for 45 minutes, followed by an hour dark period and a second hour in light. The reaction was then placed in a dark room for six hours, after which it was sampled and placed back into UV light for a final time. No conversion is observed during dark periods, including a prolonged exposure to dark conditions, furthermore reinitiation was found to occur and the polymerization proceeds in a controlled manner (Đ = 1.12), Figure 3 . It is noted that temporal control in aqueous media appears to be significantly enhanced when compared to similar reactions in DMSO, in which a slight increase in conversion during dark periods is observed; 51 this is attributed to the increased concentration of NaBr in solution. Cu, L and NaBr (as low as 62 ppm levels of Cu(II)Br2). In order to ascertain whether this reduction in NaBr concentration has an effect on the dispersity of the resultant polymer, reactions targeting DP40 and DP80 were carried out under the same conditions but with double and quadruple the amount of NaBr, giving the same effective concentration of salt in solution as the optimized DP20 conditions (entries 16 and 18, table 1). It can be seen that a higher concentration of NaBr gives a similar result to entry 15, table 1 (DP40), however when targeting a higher molecular weight (DP80) the higher salt concentration results in a broader dispersity product. Attempts to polymerize PEGA to higher molecular weight (entries 19 and 20, table 1) resulted in the formation of a "covalent hydrogel"; this is postulated to be due to the presence of diacrylate impurity in the monomer, further supported by the appearance of the high molecular weight shoulders, figure 4, which become more prevalent at higher degrees of polymerization. 
In-situ chain extension of poly(PEGA)
In an attempt to demonstrate the end group fidelity of this aqueous polymerization technique an in-situ chain extension of poly(PEGA) was attempted. Poly(PEGA)10 was targeted using 3eq. of NaBr and when the reaction reached full monomer conversion (>99% conversion , Mn = 7600 Da, Đ = 1.12, figure 6 ) a second aliquot of PEGA was subsequently added. The reaction was then allowed to proceed overnight, yielding a chain extended polymer (>99% conversion, Mn = 11000 Da, Đ = 1.11, figure 6 .) The synthesis of double hydrophilic block copolymers was also demonstrated by in-situ chain extension of Poly(PEGA)10 (>99% conversion , Mn = 6400 Da, Đ = 1.12, figure 
Conclusions
In summary, we present a new methodology to effectively expand the scope of photoinduced copper mediated RDRP to include the controlled polymerization of water soluble acrylates in aqueous media at relatively low copper concentrations. Addition of NaBr was demonstrated to give effective control over the polymerization (Đ as low as 1.11) with high conversions (>99% by NMR). These optimized conditions have also been demonstrated to control the polymerization of HEA and sulfopropyl acrylate potassium salt. Furthermore, the reaction was shown to have a high degree of temporal control, exemplified by 'on-off' experiments in which the reaction was exposed to intermittent periods of light and dark conditions. The technique was demonstrated to apply to a range of monomers, targeted molecular weights and exhibit high end group fidelity, exemplified by in-situ chain extensions.
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